Structural studies of inhibition of S-adenosylmethionine synthetase by slow, tight-binding intermediate and product analogues.
S-Adenosylmethionine synthetase (ATP: L-methionine S-adenosyltransferase) catalyzes a two-step reaction in which tripolyphosphate (PPPi) is a tightly bound intermediate. Diimidotriphosphate (O(3)P-NH-PO(2)-NH-PO(3); PNPNP), a non-hydrolyzable analogue of PPPi, is the most potent known inhibitor of AdoMet synthetase with a K(i) of 2 nM. The structural basis for the slow, tight-binding inhibition by PNPNP has been investigated by spectroscopic methods. UV difference spectra reveal environmental alterations of aromatic protein residues upon PNPNP binding to form the enzyme.2Mg(2+).PNPNP complex, and more extensive changes upon formation of the enzyme.2Mg(2+).PNPNP.AdoMet complex. Stopped-flow kinetic studies of complex formation revealed that two slow isomerizations follow PNPNP binding in the presence of AdoMet, in contrast to the lower affinity, rapid-equilibrium binding in the absence of AdoMet. (31)P NMR spectra of enzyme complexes with PNPNP revealed electronic perturbations of each phosphorus atom by distinct upfield chemical shifts for each of the three phosphoryl groups in the enzyme.2Mg(2+).PNPNP complex, and further upfield shifts of at least 2 resonances in the complex with AdoMet. Comparison of the chemical shifts for the enzyme-bound PNPNP with the enzyme complexes containing either the product analogue O(3)P-NH-PO(3) or O(3)P-O-PO(2)-NH-PO(3) indicates that the shifts on binding are largest at the binding sites corresponding to those for the alpha and gamma phosphoryl groups of the nucleotide (-3.1 to -4.1 ppm), while the resonance at the beta phosphoryl group position shifts by -2.1 ppm. EPR spectra of Mn(2+) complexes demonstrate spin coupling between the two Mn(2+) in both enzyme.2Mn(2+).PNPNP and enzyme.2Mn(2+).PNPNP.AdoMet, indicating that the metal ions have comparable distances in both cases. The combined results indicate that formation of the highest affinity complex is associated with protein side chain rearrangements and increased electron density at the ligand phosphorus atoms, likely due to ionization of an -NH- group of the inhibitor. The energetic feasibility of ionization of a -NH- group when two Mg(2+) ions are bound to O(3)P-NH-PO(3) is supported by density functional theoretical calculations on model chelates. This mode of interaction is uniquely available to compounds with P-NH-P linkages and may be possible with other proteins in which multiple cations coordinate a polyphosphate chain.